INTRODUCTION
The need for quantitative assessment of the reliability of flaw detection techniques arises from the application of fracture mechanics principles to the design of critical parts. The fracture mechanics concept assumes that flaws are present in all materials and quantitatively describes their effect on structural integrity. Thus, a critical crack size that would result in unstable crack growth can be defined for any combination of material and loading condition (Ref. 1) . For simple components such as pressure vessels, fracture control can be achieved by proof testing to a pressure which exceeds the operating stress. If the vessel does not fracture, the absence of critical flaws is assured. For complex structures however, proof testing logic may not be applicable because vo in many cases it is not possible to duplicate precisely o the nature of operating stresses. Therefore, structural *?
integrity of complex components must be established by â different approach, the most practical of which may be nondestructive evaluation (NDE). The role of NDE would be to screen out parts that contain flaws equal to or greater than the critical crack size before they are put into service (Ref. 2) . It may further be necessary to guarantee that flaws smaller than the critical size are absent to account for possible sub-critical crack growth, especially when stress corrosion or fatigue cracking can occur. The use of fracture mechanics concepts in ceramic component design places a premium on the ability of nondestructive inspection to detect small defects (Refs. 3 and 4), and on the need to determine the practical reliability of an NDE procedure when that procedure is considered for detection of flaws of a specific type and size (Ref. 5). Such information is essential if the. designer is to rely on NDE to assure that components are free of flaws that exceed the critical size in the material chosen for a particular service environment. If the design is such that the critical crack size is greater than the smallest flaw that can be reliably detected (or the largest flaw that will be missed a significant proportion of the time) then the inspection process can be used. The difference between the smallest detectable flaw and the critical crack size can be regarded as a measure of the margin of safety.
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The reliability of various conventional nondestructive techniques for detection of cracks in metallic aircraft engine components was reported in Ref. 6 . The only previously reported work on NDE detection reliability for flaws in heat engine ceramics is presented in Refs. 7 to 10. The purpose of this paper is to re-examine some of the factors that influence the detectability of minute flaws in ceramics, and focus attention on requirements for assuring adequate detection sensitivity and reliability. Figure 1 shows a flow chart which describes the preparation of specimens containing seeded voids. The SiC starting powder contained sintering aids and binder material (boron and carbonaceous resins). The Si3N^ starting powder contained 6 percent Y 2 0 3 and 6 percent Si02 to promote densification while sintering. For surface voids, all of the powder necessary to make up the specimen thickness was poured into the die and the microspheres were pressed into the top surface. For internal voids the amount of powder put in the die before and after placement of the microspheres was controlled to achieve the desired void depth in the finished specimen. The die pressed bars were vacuum sealed in latex tubing and cold isopressed to approximately 60 percent of full density. After removing the latex the compacts were heated in vacuum to vaporize the plastic microspheres. The as-sintered density of silicon carbide ranged from 94 to 97 percent of theoretical while for silicon nitride it was more than 98 percent of full theoretical density. As-fired test bars measured nominally 28 mm long, 7 mm wide, and 2 to 4 mm thick, as required for NDE reliability determinations. After NDE, internal voids were exposed by diamond grinding and measured by optical and electron microscopy. These data are listed in Table I . The dimensions of voids in green compacts were assumed to be equivalent to the seeded spheres. Details on specimen fabrication and void characterization are given in Ref. 10 .
SPECIMEN PREPARATION

NDE AND STATISTICAL ANALYSIS
The reliability of microfocus radiography and scanning laser acoustic microscopy (SLAM) for detection of seeded voids was evaluated. Schematic diagrams of the two NDE techniques are shown in Figs. 2 and 3. The x-ray system, with a molybdenum anode, was operated in the 30 to 60 kV range which produced photon energies between 17 and 20 keV. Higher photon energy levels were found to result in reduced film contrast which is undesirable. Radiographic images at a magnification of 2.5 were made by the projection method and examined with the aid of an X7 optical magnifier.
With the SLAM technique (Fig. 3) , 100 MHz ultrasonic waves transmitted through the specimen are modulated by material surface and internal characteristics. The relative intensity and phase of the waves reaching the reflective film on the cover slip are detected by a laser beam raster scanned over an area approximately 2.4 by 2 mm.
The beam is reflected into a photodetector and converted to an electronic signal. Thus, an image of the acoustic perturbations caused by features such as cracks, voids, density variations, etc., are displayed in real time on a video monitor at a magnification of nearly X100. Reference 7 describes the SLAM technique in greater detail.
Due to uncertainties associated with equipment, operator, flaw characteristics, etc., the detection of flaws in engineering materials and components is probabilistic in nature and must be .evaluated using a statistical approach. Since an attempt at detection of a given flaw can have only two possible outcomes (it is either detected or missed) the probability of detection (POD) can be described by the binomial distribution. The flaws were grouped into size intervals because large numbers of voids of discrete size were not attainable due to fabrication .variables. The probability of detection was calculated for each interval by the "optimized probability" method described in Ref. 5 . A fortran computer program that calculates and plots NDE reliability data is listed in Ref. 7 (NASA TM only).
RESULTS AND DISCUSSION NDE reliability data for the microfocus x-ray technique is presented in Figs. 4 and 5 in the form of plots of probability of detection versus void size, expressed as a percent of total specimen thickness. As shown in Table I , the internal void diameters ranged from 50 to 528 ym in the green specimens and 20 to 477 ym in the fully densified bars.
All of the POD curves are characterized by a sharp drop in probability of detection in a region below approximately 2.5 percent thickness sensitivity. Figure 4(a) shows that the detection sensitivity of internal voids in green silicon nitride is nearly the same as in green silicon carbide, approximately 2.5 percent" at a POD of 90 percent. The curves in Figs. 4(b) and (c) are more revealing, showing that surface voids are more easily detected than internal voids for both materials. Analysis of a limited number of internal voids in green compacts showed that they were partially filled with loose powder, which has the effect of reducing the contrast on the x-ray film. This could account for the lower apparent sensitivity. In naturally occurring voids this may be less of a problem because they are not usually produced by vaporizing a supporting material such as the seeded spheres. The POD data for surface voids presented here would probably apply to naturally occurring internal voids in green materials produced by dry pressing as well as by other techniques such as injection molding and slip casting.
For sintered materials, the data in Fig. 5 show many interesting features. For example, Fig. 5(a) indicates unusually good sensitivity to internal voids in silicon nitride. However, chemical analysis of void walls (Ref. 10) proved that detection of some internal voids in silicon nitride was influenced by a deposit of yttrium, a strong absorber of x-rays. Thus, some of the voids appeared to have a high density shell on the radiograph, resulting in enhanced detectability. This condition could occur in any sintered material that utilizes sintering aids composed of heavy elements. A similar phenomenon was not observed with voids seeded in silicon carbide (Figs. 5(b) and (c) ).
NDE reliability for SLAM is presented in Figs. 6 and 7. Figure 6 , which contains data for surface connected voids only (Ref. 7) shows the effect of surface condition and specimen thickness on detectability of flaws. From the POD curves for as-fired specimens, it is evident that 0.90 probability of detection at 0.95 confidence level was not attained for any thickness down to 2 mm. When the same specimens were lightly polished to a surface finish of nominally 2 ym, the POD was significantly improved. POD of 0.90 was achieved at all thicknesses. Thus, it appears that as-fired surfaces cause a background noise level higher than can be tolerated for nondestructive detection of minute defects by SLAM. The measured surface finish of as-fired samples was 8 pin (peak-to-valley) but it should be noted that topography was the only surface characteristic that was measured. It is possible that other factors such as fine nearsurface porosity, acting as ultrasonic wave scatterers, could have contributed to the generally low POD for as-fired samples. Figure 7 shows a plot which summarizes POD data obtained for internal voids in specimens with diamondground surfaces (Ref. 9) . The boundaries of the bar graphs indicate the maximum void sizes and depths (from the laser-scanned surface) at which 0.90/0.95 POD/confidence-level was achieved. As expected, there is a significant effect of void size and depth. However, the plot also shows that 0.90/0.95 is obtained at greater depths and smaller void sizes in silicon nitride than in silicon carbide. This is probably due to differences in microstructure between the two materials. The grain size in silicon carbide was an order of magnitude greater than in silicon nitride. The bulk porosity in silicon carbide was also higher than in silicon nitride. Both of these conditions would have the effect of increasing ultrasonic scatter, thereby reducing the POD of voids in silicon carbide relative to silicon nitride.
CONCLUSION
Reliability of void detection in ceramics by microfocus radiography was affected by various material and process related parameters. It was observed that photon energy levels less than 20 keV produced better radiographic contrast and hence better void detectability than higher energy levels. Migration of yttrium to the region surrounding void walls enhanced the detectability of voids in many, but not all sintered silicon nitride specimens. The sensitivity of x-rays to voids in green silicon carbide and silicon nitride compacts was reduced by the presence of loose powder inside the cavity.
Reliability of void detection by scanning laser acoustic microscopy was affected by a different set of parameters. The larger grain size and higher relative porosity in sintered silicon carbide resulted in significantly reduced detection capability than was observed for silicon nitride. Void detection in both materials was greatly improved when the as-sintered surface was removed by surface grinding or polishing. 
